Landfill leachate and municipal wastewater at various ratios (1:20, 1:10, 1:7 and 1:5) were subjected to coagulation and electrocoagulation (EC). Alum was used in conventional coagulation at pH 6 and aluminum plate as electrode was used in EC at a current density of 386 A/m 2 with 5 cm inter electrode spacing. Treatment efficiency was assessed from removal of chemical oxygen demand (COD), total suspended solids (TSS), turbidity, ammonia, nitrate and phosphate. At 1:5 ratio of landfill leachate to municipal wastewater, highest COD removal was with 3.8 g/L alum whereas highest turbidity removal was with 3.3 g/L alum during coagulation. EC exhibited almost similar removal efficiency for all the parameters at different ratios tested except for COD which was considerably higher at 1:20 ratio. Aluminum consumption from electrode was 0.7 g/L following EC as compared to 3.8 g/L alum used in coagulation.
INTRODUCTION
Open dumping of municipal solid wastes, often in unlined sites, continues to be followed in many countries, which creates several environmental problems. One of the major challenges in solid wastes dumpsites is landfill leachate management, mainly due to high variations in its composition and quantity throughout the year. Landfill leachate are complex wastewater generated from waste dumps due to precipitation, biochemical processes in disposed wastes and inherent water content of waste itself which penetrates through the waste layers (Adeolu et al. ) . Quantity and quality of landfill leachate generated in the landfills depends upon various factors such as moisture content, compaction, refuse composition, dumpsite age, liquid wastes co-disposal, pretreatment, particle size, density, precipitation, groundwater intrusion, irrigation, recirculation, settlement, vegetation, cover, gas and heat generation and transport (Renou et al. ) . In addition, climatic factors such as precipitation, seasonal variations, intensity of sunlight, and humidity also play an important role in determining the leachate quality. Leachate represents potential threats to the environment as it may pollute aquatic systems and surrounding soils (Adeolu et al. ; Xie et al. ) . Even after years of landfill closure, leachate continues to form due to slow natural waste biodegradation processes in landfill, necessitating its capture, storage, treatment and disposal (Labanowski et al. ) .
Landfill is generally classified into three stages based on its age, young (<5 y), medium (5-10 y) and stabilized (>10 y) (Foo & Hameed ) . Biochemical oxygen demand/chemical oxygen demand (BOD/COD) ratio of young landfill leachate is 0.5-1.0, medium landfill leachate is 0.1-0.5 and old landfill leachate is <0.1. Among the different landfill leachate characteristics, BOD/COD ratio is regularly used as the best representative of landfill leachate age as these are directly indicative of leachate's level of biodegradability.
Young landfill leachate contains elevated concentrations of easily degradable organic matter such as volatile fatty acids and has a high BOD/COD ratio. The BOD/COD ratio in stabilized landfill leachate decreases with time as it is the non-biodegradable part of COD that largely remains.
An on-site landfill leachate treatment system may be difficult to establish and operate mainly due to higher costs and practicality issues such as leachate availability throughout the year, which may be the case in most landfills. Therefore, treatment of leachate with municipal wastewater in sewage treatment plants can be a good option. In addition to this, owing to the varying nature of leachate, mixing of landfill leachate with municipal wastewater helps in sustaining the stability required for leachate treatment to meet the stringent discharge standards. Stabilized landfill leachate is particularly difficult to treat due to a low BOD/COD ratio signifying the presence of high amounts of refractory compounds (Ranjan et al. ) . In such cases, often a combination of treatment is required rather than a standalone treatment system for effective landfill leachate treatment. Physico-chemical processes appear to be better suited for both pre-treatment and post-treatment for stabilized landfill leachate.
Various physico-chemical processes such as adsorption, advanced oxidation processes, ammonia stripping and coagulation-flocculation have been used for leachate treatment (Renou et al. ) . Coagulation-flocculation has been found to be useful in COD removal and total suspended solids (TSS) removal up to 90% depending on the contaminants and coagulant types (Boumechhour et al. ) . An alternative technique to coagulation-flocculation that has been successfully applied to treat various industrial wastewaters is electrocoagulation (EC) (Khemis et al. ) .
EC is a process that forms coagulants through electrodisso- The major aim of this study was to compare conventional coagulation and EC as a pre-treatment option with aluminum as coagulant for co-treatment of stabilized landfill leachate and municipal wastewater at different ratios. COD, TSS, turbidity, ammonia, nitrate and phosphate removal efficiency were used to evaluate both the processes. The removal efficiency of COD, TSS, turbidity, ammonia, nitrate and phosphate at different ratios of landfill leachate and municipal wastewater are shown in Figure 1(a) -1(f).
MATERIALS AND METHODS

Landfill leachate and municipal wastewater collection
Among the different ratios tested, COD removal at the lowest dilution (1:5) was found to be better and the maximum COD removal was reached with the 3.8 g/L dose for all the ratios tested except for the 1:7 ratio which was at 3.3 g/L.
TSS removal with 1:20 and 1:10 ratio increased up to 3.3 g/L alum dose, thereafter any increase in dose did not have any significant effect. The highest TSS removal at the 1:20 and 1:10 ratios could be due to the presence of lower solids concentrations as the leachate volume was low compared to the 1:5 ratio. TSS removal at the 1:7 ratio remained stable at 2.8 and 3.3 g/L whereas at 3.8 g/L it decreased and remained somewhat similar after this dose. TSS removal at the 1:5 ratio remained stable at 2.8 and 3.3 g/L whereas at 3.8 g/L it increased and remained somewhat similar after this dose.
Maximum turbidity removal was at the 1:5 ratio at 3.3 g/L alum dose, whereas for other ratios tested the highest removal was at 2.8 g/L. Turbidity reduction decreased at the 1:5 ratio with >3.3 g/L alum dose and in other ratios turbidity removal declined after the 2.8 g/L alum dose.
Ammonia removal increased with dose at all the ratios The initial pH for all the ratios of landfill leachate and municipal wastewater was adjusted to 6 for an efficient coagulation process, which decreased with an increase in dosage during the treatment due to the acidic nature of alum which consumes alkalinity (Figure 2(a) ). As shown in Figure 2(b) , the electrical conductivity of the treated wastewater increased with an increase in dose at all ratios of landfill leachate and municipal wastewater which was due to the dissociation of alum and corresponding drop in pH.
EC process for co-treatment of landfill leachate with municipal wastewater
The EC process using 386 A/m 2 current density at 5 cm inter electrode spacing was assessed for the removal of COD, TSS, turbidity, ammonia, nitrate and phosphate from landfill leachate to municipal wastewater mixture at ratios of 1:20, 1:10, 1:7 and 1:5 (Figure 3 ). Respective COD, TSS and turbidity removal recorded were 73, 53 and 88%, respectively, at the 1:5 ratio of landfill leachate in municipal wastewater after 30 min of reaction which resulted in 0.7 g/L of aluminum consumption (Figure 3(a Both the coagulation and EC processes were found to be effective for removal of colloidal particles, suspended solids and nitrogenous compounds from different mixtures of landfill leachate and municipal wastewater. However, the coagulation process involves the modification of initial pH of effluent for an efficient removal process as compared to the EC process in which the mechanism is effective at the initial pH of the mixture of landfill leachate and municipal wastewater. pH adjustment will involve extra operational costs for the coagulation process in leachate treatment plants. In addition to this, a greater amount of aluminum dose was consumed in the coagulation process (3.8 g/L)
as compared to the EC process (0.7 g/L) as shown in Figure 5 (a) and 5(b). Further, nitrogen compounds were effectively removed by the EC process (87% NH 3 -N and 95% NO 3 --N) whereas the coagulation process led to 80% NH 3 -N and 63.6% NO 3 --N removal at 1:5 ratio of landfill leachate to municipal wastewater.
The sludge volume after 30 min of settling time was found to be higher with 90 min EC than 21 min coagulation for mixtures of stabilized landfill leachate and municipal wastewater. In general, EC has been reported to produce less sludge than the chemical coagulation process and the deviation found in the present study could be mainly due to the following two reasons which need to be studied further. First, it is known that generally alum-based flocs are lighter than iron-based flocs and in the EC process the amount of aluminum liberated was very low compared to the chemical coagulant dose used. Second, in the EC process sludge generation was tested after 90 min reaction time whereas the maximum treatment efficiency was consistently found at 30 min reaction time. Hence, applying a treatment time of 30 min or less may reduce the volume of sludge generated. Ricordel & Djelal () have also reported that sludge volume increased with the EC time, mainly due to higher coagulant generation than that required. Thus, short EC time could be tested in future studies to improve the formation of large and dense flocs which could exhibit better settling velocities.
CONCLUSIONS
Conventional coagulation and EC processes were studied for co-treatment of landfill leachate and municipal wastewater at different ratios, i.e. 1:20, 1:10, 1:7 and 1:5. At the lowest dilution, 1:5 ratio, COD removal efficiency was slightly better with coagulation than EC. EC worked better at the highest dilution of 1:20 for COD removal than conventional coagulation. Other than this result on COD, at all other ratios tested EC exhibited better treatment efficiency when compared to the conventional coagulation.
The EC process could remove pollutant at a significantly lesser dose of 0.7 g/L than the coagulation process which required 3.8 g/L alum. Further, the EC process can be carried out effectively without any pH adjustment of the initial reaction mixture whereas alum required pH adjustment to 6. Sludge production was moderately higher in EC in comparison to coagulation, mainly due to increased EC time, thus it can be suggested that EC time should be limited to <30 min for lesser sludge production. Overall, the results indicated that the EC process was moderately better than the coagulation process for pre-treatment of mixture of stabilized landfill leachate and municipal wastewater.
Future studies on EC based on reaction time, settling time and electrodes longevity, along with sludge generated and cost estimates, will further improve the comparison between EC and conventional coagulation.
